We reported the fabrication of terahertz photonic crystals by three-dimensional ͑3D͒ particle manipulation assembly. Our method, which is based on pick-and-place manipulation and interparticle laser welding, enabled accurate assembling of an arbitrary 3D structure, regardless of particle polydispersity. By using this method, we fabricated a diamond crystal from ZrO 2 /polyethylene composite particles ͑diameter of 400 m͒. The obtained crystal exhibited a photonic stop gap in the ͗111͘ direction; this result was in good agreement with the theoretical result, suggesting that the crystal has a full photonic bandgap at around 0.2 THz.
We reported the fabrication of terahertz photonic crystals by three-dimensional ͑3D͒ particle manipulation assembly. Our method, which is based on pick-and-place manipulation and interparticle laser welding, enabled accurate assembling of an arbitrary 3D structure, regardless of particle polydispersity. By using this method, we fabricated a diamond crystal from ZrO 2 /polyethylene composite particles ͑diameter of 400 m͒. The obtained crystal exhibited a photonic stop gap in the ͗111͘ direction; this result was in good agreement with the theoretical result, suggesting that the crystal has a full photonic bandgap at around 0. Recently, terahertz radiation has received significant attention for its wide spectrum of applications in scientific and industrial fields such as astronomy, biological and medical sciences, communications and semiconductors technology, and security. 1 This has led to dramatic evolution of terahertz generation and detection techniques; however development of control devices such as waveguides, resonators, and modulators, is lagging far behind. Photonic crystals ͑PhCs͒, which are vigorously researched for the infrared and visible regions, 2 are expected to be advantageous for overcoming the difficulties encountered in the terahertz technology. [3] [4] [5] [6] In particular, certain three-dimensional ͑3D͒ periodic structures with a full photonic bandgap ͑PBG͒, for example, those with a diamond structure, 7, 8 have further potential for use in the fabrication of low-loss devices and miniaturization of terahertz optical circuits.
Till date, several research groups have carried out research on 3D terahertz PhCs using mature lithographic techniques. [9] [10] [11] Hence, they have successfully opened up this field, but seemed not to launch further investigation due to backward of these processes: restrictions of material and structure. The particle manipulation assembly, wherein monosized spherical particles are arrayed successively, is an elaborate but intriguing approach for 3D terahertz PhCs. The individual placement of the particles allows the creation of nearly arbitrary 3D structures. Further, this technique is expected to offer a greater choice in material selection than the lithographic approaches. This method is thus advantageous for exploring terahertz PhCs for which preferred materials are still unclear, and moreover for embedding foreign particles in a periodic structure. Our research received impetus from the existence of techniques for producing monosized particles with the sizes ranging from several tens to hundreds of micrometers corresponding to the internal period of the terahertz PhCs, 12, 13 and for manipulating these particles with high accuracy and throughput. We have previously confirmed the applicability of these monosized particles for the fabrication of terahertz PhC. 14 In this letter, we describe the development of a method to assemble particles for the fabrication of desired 3D structures and our attempt to fabricate the terahertz PhCs with a diamond structure from dielectric particles. In order to obtain structures that are not closely packed, the particles must be placed in unstable positions. Moreover, particle assembly approaches, including self-assembly, cause structural errors induced by particle polydispersity. Allard and Sargent 15 reported that a dispersion of 5% results in a fatal disorder in the periodicity. Thus, we proposed an idea to solve these problems. As illustrated in Fig. 1͑a͒ , the points of contact between adjacent particles are welded together by local melting. During melting, the particle overlaps with the adjacent particles so as to eliminate size deviations. As a result, the particles remain confined to the defined sites, without the positioning errors. This technique has been implemented by using a combination of in situ geometrical analysis, micromanipulation, and laser microwelding, as shown in Fig. 1͑b͒ . First, the diameter of a selected particle is measured using an image analyzer with a resolution of 0.7 m. Subsequently, a suction-tube manipulator is used to immediately transfer the particle to an arraying stage. Simultaneously, the arraying stage is moved three-dimensionally with a positioning accuracy of 50 nm in order to position the particle at a temporary coordinate that is closest to the adjacent particles; however, the particle is not attached to any adjacent particle at this time. The temporary coordinate is computed using the measured diameters and lattice vectors of the particles concerned. All the contact points ͑a maximum of three for the diamond lattice͒ are simultaneously welded by short irradiaa͒ Electronic mail: ktakagi@material.tohoku.ac.jp. tions that normally last for a few hundred milliseconds from microfocus lasers. During melting, the stage instantly relocates the particle to the desired lattice point, because of which it overlaps with the adjacent particles. Repetition of these operations is expected to enable the fabrication of any 3D structure.
For realizing the full PBG in the diamond structure, the lattice must have a dielectric constant of greater than 4 and moderate transmittance. 7 Since the optical properties of materials in the terahertz regime have not yet been thoroughly investigated, we carried out a tentative study on a terahertz crystal whose constituent particles are ZrO 2 /polyethylene ͑PE͒ composite. ZrO 2 and PE were easily accessible materials but have a relatively high dielectric constant and high transmittance in the terahertz region, respectively. 16 The dielectric constant and transmittance of this system at 1 THz were expressed as a function of ZrO 2 contents, as shown in Fig. 2 . The bulk samples were prepared by hot mixing of molten low-density PE and ZrO 2 powder ͑mean particle size: 11 m͒ with ultrasonication and characterized by terahertz time-domain spectroscopy. The dielectric constant of the resulting 1-mm-thick composites increased with the volume fraction of ZrO 2 , F. Composites with F Ͼ 20% satisfied the dielectric requirement for achieving a full PBG. In contrast, the transmittance decreased monotonously with an increase in F; however even a composite with F =50% still had a relatively high transmittance. Although composites with high value of F are expected to yield a wide PBG, a composite with F =40% was selected in this study; this was because low viscosity of this composite made subsequent spheroidization easy. Spherical particles were formed from the pulverized composites by spheroidization in a hot oil bath. This technique is often used for the production of solder microballs. The obtained particles were sieved to monodispersed particles. As shown in Fig. 3 , the obtaind particles were completely spherical with a mean diameter d m of 396 m and had the size dispersity of 4.3% in standard deviation.
The elementary arraying process used in our method is similar to two-dimensional epitaxial growth. The particles are arranged line by line in a new monolayer on the outermost monolayer. The diamond crystals were fabricated by stacking the ͕111͖ monolayer in the ͗111͘ direction. Four lasers corresponding to the total number of interparticle contact points were used. The spot size and irradiation power of the lasers were set to 30 m and 0.12 J for 0.1 s, respectively; these values were previously optimized for robust but small necking. Diamond crystals could be successfully fabricated by means of the 3D assembly under the above condition, as seen in Fig. 4 . The diamond crystal consisted of 16 ML with dimensions of 10ϫ 10 particles, and it is equivalent to three unit cells along the ͗111͘ direction. The lowest monolayer was welded to a PE substrate. The distance between the adjacent particles l was set at 380 m because for interparticle connections, the value of l must be smaller than the size of all the particles shown in Fig. 3 . The size of the unit cell was determined to be 880 m using the formula 4 / ͱ 3 ϫ l. The filling ratio of this structure was calculated to be 0.379, whereas that of a true diamond is 0.34. The time taken to array a single particle was 12 s. From this value, the rate of formation of crystal per unit volume was found to be approximately 150 s / mm 3 , which was comparable to that obtained in the lithographic approach. 12 Despite their poor monodispersity, the particles could be fixed at the intended positions, and no interparticle collisions were observed during arraying. This was thought to be because of the effectiveness of arraying in which each lattice point was defined by canceling particle size deviations. As can be seen in Fig.  4͑b͒ , the contact points had neck sizes ranging from 100 to 150 m; however, the neck region was asymmetric, as is evident by comparison with Fig. 4͑c͒ , because the necks were enlarged on the irradiated side. Figure 5 shows the transmission spectra of the fabricated crystal in the ͗111͘ direction with comparisons with the results of two calculations using a plane-wave expansion method and a finite-difference time-domain simulation. For performing precise calculations, the ratio of the diameter to the intercenter distance of the spheres was assumed to be 1.042; this value was consistent with the experimentally determined ratio ͑=d m / l͒; however, all the spheres were set to have a uniform diameter. The complex dielectric constant of the spheres was set to the experimental values of 5.78-0.01i. The measured spectrum showed a very steep bandgap with clear gap edges at 0.171 and 0.224 THz. These frequencies were almost consistent with the theoretical frequencies corresponding to the stop-gap region in the ⌫-L ͑͗111͒͘ direction ͑0.171-0.215 THz͒. These results suggested that the fabricated crystal has a diamond structure equivalent to that of calculation model, and therefore it exhibits a full PBG in the range of 0.203-0.215 THz. In addition, although particles with the polydispersity greater than 4% were used, the obtained spectrum was similar to the simulated spectrum. This suggested the lattice sites more important than reducing polydispersity and asymmetric necking.
In summary, we have proposed a method to threedimensionally assemble particles by manipulation and laser microwelding. This method enabled accurate fabrication of a diamond crystal with submillimeter periodicity from spherical particles made of dielectric ceramic/polymer composite. This diamond structure had a PBG in the terahertz wave region; this bandgap agreed with the theoretical bandgap of a diamond structure with spherical lattice component. FIG. 5 . Transmission spectra of the fabricated diamond structure in the ͗111͘ direction. Light-gray and dark-gray bands represent the theoretical frequency ranges of the ͗111͘ stop gap and full bandgap calculated by using the plane-wave expansion method. The spectrum obtained experimentally ͑solid line͒ is compared with that obtained from the finite-difference timedomain simulation ͑dashed line͒.
